It has been well established that the exchange partition coefficient for the exchange of Ca and Na between plagioclase and silicate melts [Kd = (Ca/Na) pl /(Ca/Na) melt ] increases with increasing water content in the melt, but its atomistic interpretation is not well developed. This work presents new experimental data on the partition coefficient in an alkali basalt and a transitional tholeiite from the Oginosen volcano, southwest Japan and discusses the possible role of melt polymerization in the variations of the partition coefficient. The experiments were conducted at 0.1 MPa, and hydrous 100 MPa and 200 MPa conditions. The partition coefficient at 0.1 MPa increases from 0.8 -1.4 to 1.5 -1.8 over a temperature increase from 1090 °C to 1190 °C in the transitional tholeiite, and from 1.2 to 1.7 for 1090 °C to 1150 °C in the alkali basalt. The partition coefficient increases up to 4.1 -4.2 in the presence of 3.4 -3.5 wt% water in the melt in both basalts. The variations of the Ca -Na partition coefficient between the plagioclase and the melt is interpreted in terms of the degree of polymerization of the melt. The degree of polymerization of the melt decreases with the increase of temperature and water content, both of which increase the Ca -Na partition coefficient.
INTRODUCTION
Melting experiments of basalts have a long history since the pioneering work of Yoder and Tilley (1962) . These studies were to investigate the phase equilibrium relations in the source or in the chamber, crystallization behavior during cooling, and elemental partitioning in both dry and hydrous conditions, and some of these aspects have been reviewed by Putirka and Tepley (2008) . The effect of volatiles, especially water, on the phase relation, as well as elemental partitioning, have been intensely examined in the last two decades. The Ca -Na partitioning between plagioclases and melts has been experimentally demonstrated to be strongly dependent on the water content of magmas; however, the quantitative evaluation of the effect of melt composition still needs to be scrutinized (Housh and Luhr, 1991; Sisson and Grove, 1993a; Panja sawatwong et al., 1995; Berndt et al., 2005; Takagi et al., 2005; Feig et al., 2006; Fujii, 2007, 2008) . In this study, I examined the phase relation and elemental partitioning in an alkali basalt and a transitional tholeiite from the Oginosen volcano, southwest Japan, to under stand the role of the chemical composition of the melt in Ca -Na partitioning and to examine the effect of water on the Ca -Na partition coefficient between plagioclases and melts. The relationship between the partition coefficient and melt structures in terms of melt polymerization, such as non -bridging oxygen versus tetrahedral cation numbers (NBO over T), is also discussed.
EXPERIMENTAL METHODS

Geologic background and geochemistry of starting materials
Two types of basalts from the Oginosen volcano (Furu yama, 1981) were prepared as starting materials for the experiments. The first was whole -rock powder from the Tomieda unit (001014 -1), which is classified as an alkali olivine basalt. This sample has a nepheline -normative (~ 2.7 wt%) composition, and shows the geochemical characteristics of a within -plate -type alkali basalt. The other was a whole -rock powder from the Ishiidani -1 unit (991012 -2) ,which is classified as a transitional basalt according to the classification of Irvine and Baragar (1971) and Kuno (1966) , and this sample has a hypersthene -normative composition (~ 5.4 wt%). Tomieda and Ishiidani -1 samples will be referred to as type -1 and type -2 basalts, respectively. Type -1 basalt contains phenocrysts and micro -phenocrysts of olivine (0.7 vol%), plagioclase (3.7 vol%) and augite (trace) (Fig. 1a) . The phenocrysts are 0.3 -3.5 mm across and occur as isolated crystals. Type -2 basalt contains phenocrysts and micro -phenocrysts of olivine (3.6 vol%) and plagioclase (13.4 vol%) (Fig. 1b) . They may occur as isolated crystals or glomerocrystals. The phenocryst of plagioclase reaches a maximum diameter of 5 mm. The groundmass of both samples is intergranular to intersertal and is composed of olivine, plagioclase, augite, magnetite, ilmenite and alkali feldspar or glass.
The mineral chemistry is briefly noted here. The chemical compositions of phenocryst olivine and plagioclase are similar (Fo core,max = 87 and 84, Fo rim,avg = 76 and 72, and An rim,avg = 63 and 66, for type -1 and type -2 samples, respectively), but anorthite contents in the core of plagioclase of type -1 and type -2 are different (An core,max = 69 versus 85 and An core,avg = 64 versus 72). It is noted that plagioclase phenocrysts and micro -phenocrysts in type -1 show a narrow range of core compositions between An 69 and An 61 , whereas those in type -2 show rather broad compositions from An 80 to An 63 (Fig. 2) .
From the whole -rock composition of the type -1 and type -2 starting materials, it is seen that the materials have similar concentrations of the oxides SiO 2 , Al 2 O 3 , FeO, and MgO; however, the contents of TiO 2 , Na 2 O, K 2 O, and P 2 O is more in type -1 basalt than in type -2 basalt, and the CaO content in type -1 basalt is less than that in type -2 basalt ( Table 1) . The Mg/(Mg + Fe) ratios for type -1 and type -2 in molar basis basalts are 0.50 and 0.51, respectively. Type -1 basalt is enriched in the incompatible elements; (Zr, Sr) and (Rb, Nb) contents are in type -1 basalt are 2 times and 3 -6 times the respective contents in type -2 basalt. U. Honma
Preparation of the starting materials
The whole -rock powder was prepared by crushing with a hammer and then pulverizing using an agate mortar for 1 h. The powder was further ground to 10 μm or less. The major elemental compositions of the whole rock and glass, which is above the liquidus, are listed in Table A1 . The compositions of the starting materials are almost equal to the whole -rock compositions analyzed by XRF (see discussion). Takagi et al. (2005) conducted melting experiments on low -alkali tholeiite under 100 MPa to 500 MPa of water pressure to investigate the effect of water on the CaNa partitioning between plagioclases and melts, and they found that pressure ranges of 200 MPa to 300 MPa are optimal in terms of elemental partitioning and phase equilibrium relations for the crystallization of the anorthitecomponent -rich plagioclase. In this study, therefore, I investigate the phase relation at a pressure ranging from 1 atm to 200 MPa, which is important for magma -chamber and conduit processes.
Melting experiments at 1 atm
The experiments were carried out using the wire -loop method (Presnall and Brenner, 1974; Donaldson et al., 1975) . Experimental conditions and results of the experiments at 1 atm are summarized in Table 2 . Pellets of powdered rock were attached to platinum wire (0.1 mm in diameter) loops (Donaldson et al., 1979; Sato, 1989) of diameter 4 mm and suspended at hot spots in the gas -mixing furnace. The experiments were carried out with different annealing times to confirm the attainment of phase equilibrium and investigate aspects of the nucleation delay of minerals and variations in the compositions of the initial crystals for both type -1 and type -2 starting materials. The samples are initially heated above liquidus temperatures (1250 °C) for 1 h, and cooled to the designated temperature in 10 min and kept at that temperature for ~ 1, 10, and 100 h. The samples were quenched after the run by dropping the charges into water.
Following quenching, experimental charges were mounted in epoxy resin to make thin sections and were analyzed by electron microprobe to check the oxygen buffer using the iron content of the platinum wires (Sugawara, 1999), mineral and glass compositions, the phase equilibria, and the iron and sodium losses.
The charges were suspended by 0.1 -mm -thick platinum wire inside the electronic furnace (SiC heating elements) and the oxygen fugacity (fo 2 ) was set to the NNO buffer condition using a mixture of H 2 and CO 2 gases. The mixing ratio of H 2 and CO 2 gases was controlled according to the temperature of the run (Huebner, 1987) . This experimental setup has the advantage that iron losses are minimum and the oxygen fugacity is easy to control in the experiments because the contact surface between the Pt wire and the sample is minimal and the interaction between the sample and the atmosphere is maximized. On the other hand, there is the disadvantage of sodium loss during the experiments, and the losses are shown in Table  2 . This problem of sodium loss was overcome using the conservation of mass for charges during experiment (Donaldson, 1979; Corrigan and Gibb, 1979) . The relative sodium loss was −10% to 4% under our experimental conditions of an NNO buffer and temperatures less than 1250 °C. To minimize the iron loss, the experiments were carried out using an iron -plated platinum wire (Lofgren et al., 1979) . Sugawara (1999) quantitatively evaluated the fo 2 -temperature dependence of elemental losses in 1 -atm wire -loop experiments. For the estimated redox condition, the measurements should be accurate to within 2%, according to Sugawara (1999) .
Hydrous melting experiments at 100 and 200 MPa
The experimental charges were prepared as follows. A 13 -mm -long tube with inner and outer diameters of 2.0 and 2.3 mm, respectively, and composed of Ag 50 Pd 50 , Ag 70 Pd 30 , or Au 70 Pd 30 , was used as a capsule container. The powdered type -1 or type -2 basalt (~ 30 mg) and distilled water (~ 1 mg) were loaded into the capsule, and the capsule was arc welded. The capsule was kept at 110 °C for more than 1 h to check for any leakage of volatiles. The weight of the charge was also measured after the runs to check for leakage of volatiles.
The hydrous experiments were carried out using the internally heated pressure vessel, Dr. HIP of KOBELCO installed at Kobe University. Argon gas was used as the pressure medium. Pressure was monitored using a Bourdon gauge and maintained within ~ 3% of the nominal values. The experimental charges were placed near the tip of a W -Re5/26 thermocouple, where a homogeneous temperature was maintained by convection of Ar gas.
In the experiments, charges were first heated at a temperature 20 °C above the annealing temperature for 10 h, and then cooled down to the annealing temperature in 10 min, and kept at that temperature for a given period. Experimental durations varied between 22 h and 33 h, with the durations generally decreasing with increasing temperature to approach equilibration. After each run, the molybdenum wire holding the charge was cut and the charges dropped into a cooler part of the vessel (<300 °C, Sato et al., 1999) , and were thus quenched.
The run durations were mostly within the range of run durations performed in the previous experimental studies (e.g., Sisson and Grove, 1993a; Feig et al., 2006; Hamada and Fujii, 2007) . The oxygen fugacity of the charge was not controlled in the present experiments, and the oxidation condition was estimated to be ΔNNO +0.6−2.5 from the Mg -Fe partitioning between plagioclase and olivine (Sugawara, 1999; see Table 4 ). This is consistent with the previous study by Tatsumi and Suzuki (2009) in which the oxidation condition during hydrous melting was estimated to be ΔNNO +2.5−3.0 for the experiments with an internally heated pressure vessel without buffering fo 2 .
ANALYTICAL METHODS
Run products were analyzed with an electron probe microanalyzer JEOL -JXA 8900 at the Venture Business Laboratoy, Kobe University. Operating conditions were as follows: acceleration voltage, 15kV; specimen current, 12 nA; peak counting time, 20 s (10 s for Na 2 O); and beam diameter, between 1 and 6 µm for most phases (a few microns for magnetite). A scan mode analysis for a width of 10 µm and a counting time of 4 s (2 -s background on both sides of the peak) was used for Na analyses of glass, which showed a ~ 6% average decrease of the Na count- Table 2 . Experimental conditions and products at 1 atm Proportions of phases in wt% are derived by mass balance calculations. * Gl, glass; Ol, olivine; Pl, plagioclase; Cpx, clinopyroxene; Mt, magnetite. ** Experimental log fo 2 −log fo 2 of NNO buffer was calculated with olivine plagioclase oxygen barometers (Sugawara 2001). ing, and was corrected according to the method of Nielsen and Sigurdsson (1981) . A set of synthetic standards was used and the data were processed using the ZAF correction procedure. Mass balance calculations were performed on all major elements to estimate the proportions of the phases in a given charge and the extent of iron and sodium losses were evaluated. The water contents in the melts were calculated from the difference between the totals from the glass analyses and 100%.
EXPERIMENTAL RESULTS
Melting experiments at 1 atm
The phase compositions of the 1 -atm experiments are listed in Tables 2 and 3 . Some back -scattered electron images of the run products are shown in Figure 3 . Temperature -time diagrams (Fig. 4) show an increase of the liquidus temperature with time, which is similar to the experimental results of Gibb (1974) . In the experiments on type -1 basalt, olivine was the first phase to crystallize, and the appearance temperature increased from 1090 °C in the 1 -h run, to 1150 °C in the 10 -h and 100 -h runs. Plagioclase did not crystallize in the 1 -h run, and crystallized along with olivine at 1150 °C in the 10 -h and 100 -h runs, and augite did not crystallize above 1090 °C during the 1 -h, 10 -h and 100 -h runs. In the experiments on type -2 basalt, plagioclase was the first phase to crystallize and its appearance temperature increased from 1110 °C in the 1 -h run, through 1190 °C in the 10 -h run, to 1210 °C in the 100 -h run. Olivine was the second phase to crystallize and first appeared at 1090 °C for the 1 -h run, through 1150 °C in the 10 -h run, to 1170 °C in the 100 -h run. Augite was the third phase to crystallize at ~ 1090 °C, which showed little dependence on the duration time of the experiments. Plagioclase in the run products was euhedral to skeletal. The crystal length reached 2 mm in the near -liquidus run products, and became shorter as the temperature was decreased. The crystal shape became fine grained and was partly dendritic below 1110 °C in type -1 basalt and 1130 °C in type -2 basalt. The areas in which fine -grained crystals and glass coexist in the time -temperature -phase relations diagram is defined as being the fine -textured area, and the relationship between the texture and phase composition in these areas will be discussed later.
The forsterite content of olivine and the anorthite content (= Ca/(Ca + Na)) of plagioclase are shown in Figure 4 . The composition of liquidus olivine did not depend on the run duration (Fo 80−82 ) in the melting experiments of type -1 basalt, whereas the Fo content of olivine in the melting experiments of type -2 basalt increases from 60 to 79 as the run duration and appearance temperature in- 
2)
Gl, glass; Ol, olivine; Pl, plagioclase; Cpx, clinopyroxene; Mt, magnetite.
crease from 1 to 100 h and from 1090 °C to 1170 °C, respectively. The anorthite content of liquidus plagioclase increases as the run duration and temperature are increased in the melting experiments of both type -1 and type -2 basalts. In the melting experiments of type -1 basalt, anorthite content varies from 64 for the 10 -h run to 70 for the 100 -h run. In the melting experiments of type -2 basalt, anorthite contents vary from 63 for the 1 -h run at 1110 °C, through 73 for the 10 -h run at 1190 °C, to 72 for the 100 -h run at 1210 °C. Compositional zoning of plagioclase was not detected in these samples for either olivine or plagioclase. The experimental crystals are euhedral and often skeletal with lengths of 5 -1000 μm. In our experiments, redox conditions were calculated according to Sugawara (1999) for 1 -h, 11 -h and 124 -h experiments to be -0.79, -0.52 and -0.65 in ΔNNO respectively.
Hydrous melting experiments
Run conditions and phase compositions for the hydrous melting experiments are listed in Tables 4 and 5 . The run products of the hydrous melting experiments consisted of glass, mineral phases, and vesicles (Fig. 5) . Figure 6 illustrates the results of the 100 MPa and 200 MPa experiments. All of the melting experiments of type -1 and type -2 basalts crystallized magnetite at 100 MPa and 200 MPa hydrous conditions, regardless of temperature, pressure, and water concentration. The crystallinity of the run products decreases as bulk water content increases at constant temperature. Experimental plagioclase is euhedral and approximately 5 -130 μm in length, sometimes up to 300 μm. The size of plagioclase becomes smaller as the temperature and/ or bulk water content decreases. In the experiments with low water content, the crystal shape tends to be anhedral.
In the experiments of type -1 basalt at 100 MPa, oliv- U. Honma 
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Gl, glass; Ol, olivine; Pl, plagioclase; Cpx, clinopyroxene; Mt, magnetite. ine was the first silicate phase to crystallize at 1125 °C with a water content of 1.1 wt% and 2.1 wt% in the melt, and its liquidus temperature decreased to 1105 °C when the water content increased to 3.1 wt%. Plagioclase in the melting experiments of type -1 basalt crystallized at 1105 °C for water contents of 1.2 wt% in melt, and its liquidus temperature decreased in more hydrous conditions; i.e., 1085 °C at 3.3 wt%. Clinopyroxene in the melting experiments of type -1 basalt crystallized below 1065 °C (Fig.  6) . The phenocryst assemblage of the natural type -1 sample, consisting of olivine and plagioclase, is reproduced in the experiments between ~ 1105 °C with <1.2 wt% water and 1085 °C with <3.0 wt% water at 100 MPa. In the experiments of type -2 basalt at 100 MPa, plagioclase was the first silicate phase to crystallize at 1145 °C with a water content of 1.2 wt% in the melt. The plagioclase liquidus temperature decreased to 1085 °C with the increase of water content to 3.4 wt% in the melt. Olivine in the melting experiments of type -2 basalt crystallized below 1125 °C with a water content of 1.3 wt% in the melt. The olivine liquidus temperature decreased with increasing water content, similarly to plagioclase. Ca -rich clinopyroxene in the melting experiments of type -1 basalt crystallized below 1065 °C. Plagioclase disappeared in water -saturated run products with the higher bulk water content of 5 wt%. The phenocryst assemblage of the natural type -2 sample was olivine and plagioclase, which is reproduced at 1105 °C with 2.1 wt% water and 1085 °C with 4.1 wt% water contents. In the melting experiments of both type -1 and type -2 basalts, vesicles are observed in glass in all of the run products, but their abundance is distinctively higher in the water -saturated conditions.
Forsterite contents of olivine in both melting experiments range from 81 to 92, and show little dependence on the temperature or water concentration in the melt. The TiO 2 content of magnetite is mostly uniform and 2 -5 wt% on average. The Mg/(Mg + Fe) ratio in Ca -rich clinopyroxene, recalculated using the ferric/ferrous ratio from the melting experiments of type -1 and type -2 basalt, ranges from 75 to 88, and Fe -Mg partitioning between Ca -rich clinopyroxene and coexisting melt increases from 0.19 to 0.44 moving toward lower temperatures.
In the experiments on type -1 basalt at 200 MPa and with bulk water contents between 3 wt% and 5 wt%, plagioclase crystallized at 1050 °C for a bulk water content of 2.9 wt%. In the experiments on type -2 basalt at 200 MPa and with bulk water contents between 2 wt% and 5 wt%, plagioclase crystallized from 1085 °C to 1050 °C for a bulk water content of 2.0 wt% and at 1050 °C for 2.9 wt%.
In the melting experiments for both type -1 and type -2 basalt at 200 MPa, olivine was the first silicate phase to crystallize at 1085 °C under near -water -saturated conditions. Ca -rich clinopyroxene in the melting experiments of type -1 and type -2 basalts at 200 MPa crystallized below 1050 °C under near -water -saturated conditions, and the liquidus temperature of olivine in type -1 basalt decreased from 1085 °C to 1050 °C with an increase in water content from 4.5 wt% to 5.0 wt%.
Anorthite contents in plagioclase in type -1 and type -2 basalts have a positive correlation with the bulk water content. Anorthite content increases from 67 to 79 with the increase in bulk water content from 2.3 wt% to 4.0 wt% in the melting experiments of type -1 basalt, and from 64 to 77 with the increase in water content from 2.5 wt% to 5.0 wt% in the melting experiments of type -2 basalt at 1050 °C and 100 MPa. Sisson and Grove (1993a) defined a Ca -Na partition coefficient between plagioclase and melt as Kd = (Ca/Na) pl /(Ca/Na) melt . For dry melts at pressures below 2 GPa, the exchange partition coefficient is always less than 2.5, and it increases with increasing water content in the coexisting melts, and reaches 5.5 for water -saturated liquids at 200 MPa in subalkaline systems (Sisson and Grove, 1993a) . In these hydrous experiments, the partition coefficient increases with increasing water content in the coexisting melts. In the melting experiments of type -1 basalt at 100 MPa, the Ca -Na partition coefficent between plagioclase and the melt increased from 2.2 to 4.2 with an increase in the water content in the coexisting melt from 1.2 wt% to 3.4 wt%. In the melting experiments of type -2 basalt at 100 MPa, the partition coefficent increased from 1.8 to 4.1 with an increase in the water content of the coexisting melts from 1.3 wt% to 3.5 wt%. The exchange partition coefficient in the melting experiments of type -1 and type -2 basalts at 200 MPa are 3.1 for a water content of 3.7 wt% in the coexisting melt for type -1 basalt, and 3.1 for a water content of 3.8 wt% in the coexisting melt for type -2 basalt.
DISCUSSION
Nucleation delay and disequilibrium elemental partitioning in 1-atm runs
Nucleation delay and disequilibrium elemental partitioning are often observed in experimental studies of natural and synthetic rock systems (e.g., Gibb, 1974; Tsuchiyama, 1983; Kouchi et al., 1986) . In the 1 -h melting experiments, the degree of melting of type -2 within the finetextured area was 24 wt%. This area was composed of fine -grained olivine (Fo 60 ) and a more evolved melt (Mg# melt = 0.34). On the other hand, the degree of melting of other parts was 93 wt%, and this part was composed of dendritic olivine (Fo 81 ) and a basic melt (Mg# melt = 0.55). Figure 4 shows that the appearances of plagioclase and olivine depend on the duration of the run for each temperature, suggesting that their nucleation is delayed on a time scale of hours to hundreds of hours in the 1 -atm experiments. The delay of plagioclase nucleation and growth were demonstrated to occur on a time scale of (1) hours to hundreds of hours by Gibb (1974) for a Columbia River basalt, (2) 1 -10 h by Nabelek et al. (1978) for lunar highalumina basalt, and (3) hours by Tsuchiyama (1983) for plagioclase and clinopyroxene in a system of anorthite -diopside -albite at 1 atm. Tsuchiyama (1983) treated the delay of nucleation of minerals in a silicate melt as a probabilistic process, and pointed out the effect of the temperature and the duration of superheating above liquidus before annealing on the nucleation delay of plagioclase. In our experiments, initial melting was performed at 1250 °C for 1 h. Initial degrees of superheating were 160 and 20 °C for type -1 and type -2 crystallization experiments at 1 atm. Although the initial degree of superheating is larger for the melting experiments of type -1 basalt, it equilibrates faster, Figure 6 . Phase relations at 100 and 200 MPa (Temperature -whole -sample water -content relation). Abbreviations: Gl, glass; Ol, olivine; Pl, plagioclase; Cpx, clinopyroxene; Mt, magnetite; V, vapor. Numbers within circles are modal percent of silicate phases around plagioclasecrystallizing conditions. In the type -2 experiments, 1085 °C and 4 wt% whole water content at 100 MPa means 89 wt% of the melt, 2 wt% of olivine, 3 wt% of plagioclase and 82 anorthite mol%, respectively, for example.
i.e., within ~ 10 h; on the other hand, the melting experiments of type -2 basalt with a smaller initial degree of superheating require more than 100 h. These behaviors of plagioclase nucleation are apparently contradictory, although it could be interpreted that the higher alkali content of the type -1 alkali basalt may have induced a smaller energy barrier for nucleation of plagioclase, and faster attainment of equilibration in the charge. The change of plagioclase and olivine compositions is shown in Figure 4 . With respect to olivine, the type -1 runs show an almost constant Mg/(Mg + Fe) ratio irrespective of the duration of the runs, whereas in the type -2 runs the Mg/(Mg + Fe) ratio varies from 0.60 for 1 -h annealing experiments through 0.74 for 10 -h experiments to 0.79 for 100 -h annealing experiments. Walker et al. (1976) reported almost constant Mg/(Mg + Fe) ratios for olivine under variable cooling conditions for lunar picritic rocks. They also argued relationships between nucleation delay and departures of the residual liquid from the equilibrium composition caused by the growth of metastable plagioclase. In the present experiments, the crystallization of olivine in disequilibrium seems to be related to the heterogeneity of run products, i.e., whether it crystallized inside or outside of the finetextured area.
The composition of liquidus plagioclase varied according to the duration of the run; i.e., An 64 for a 10 -h run and An 70 for a 100 -h run for the melting experiments of type -1 basalt, and An 63 for a 1 -h run, through An 73 for a 10 -h run, to An 72 for a 100 -h run for the melting experiments of type -2 basalt. Apparent disequilibrium of Ca -Na partitioning under supercooled conditions has been reported in anorthite -albite -water systems by Lofgren (1974) and Smith and Lofgren (1983) , who showed the tendency of more sodic plagioclase to crystallize under more undercooled conditions. This is consistent with our experimental result, i.e., plagioclase is more sodic in shorter runs where a more undercooled condition is induced for crystallization.
Phase stability at 100 MPa and 200 MPa
Previous experimental studies showed that the primary liquidus field of plagioclase commonly shrinks relative to olivine and Ca -rich clinopyroxene at high pressures and high water pressures (Baker and Eggler, 1987) . Green and Ringwood (1967) showed that under dry conditions, the plagioclase liquidus decreases below those of olivine and augite at high pressures and it crystallizes at temperatures just above the solidus temperature to solidus at 1 GPa for an olivine tholeiite. The present experimental results illustrate that with an increase of water content in the charge, the plagioclase liquidus temperature decreased more rapidly than the liquidus temperatures in the case of olivine and clinopyroxene. Early crystallization of Ca -rich clinopyroxene may deplete the CaO content of melt, thus reducing the anorthite content of the subsequent plagioclase.
The decrease of the liquidus temperature of plagioclase in previous studies was caused not only by the water content but also by a decrease in the anorthite component in the starting material (e.g., Hamada and Fujii, 2007) . Our experiments suggest that the liquidus temperature of plagioclase decreases also with increasing alkali content.
Effect of water on anorthite content of plagioclase
Previous experimental investigations of plagioclase -melt equilibria demonstrated that the melt composition, temperature and pressure affect the An content of plagioclase (e.g., Baker and Eggler, 1987; Sisson and Grove, 1993a; Gaetani et al., 1994; Panjasawatwong et al., 1995; Takagi at al., 2005; Berndt et al., 2005; Feig et al., 2006; Fujii, 2007, 2008) . In our experiments, it is confirmed that the anorthite content of plagioclase increases with increasing water content in the coexisting melt. The anorthite content in plagioclase is more elevated at high water content in the melts at low temperature, when the melts coexist with a Ca -rich phase such as clinopyroxene. Yoder (1969) concluded that a highly aluminous magma containing highly calcic plagioclase is indicative of high magmatic water contents. A marked presence of calcic plagioclase is characteristic of many arc basaltic lavas. In the Aleutian, the reported An content is up to 96 (Byers, 1961) , 97 in Guatemala (Anderson, 1984) , and 95 in Japan (Kimata et al., 1995) . On the basis of a thermodynamic model, Marsh et al., (1990) showed that water contents of 5 -6 wt% would be required for the observed calcic plagioclase to have grown from liquids with the composition of typical Aleutian high alumina basalts or andesites.
The maximum anorthite content of plagioclase produced by previous experimental studies using natural rock samples was An = 93 (Sisson and Grove, 1993a) , which was attained in water -saturated experiments. They used Medicine Lake Highland basalt (primitive high -alumina basalt) under water -saturated pressures of 200 MPa. The coexisting melt has CaO and Na 2 O contents of 12.1 wt% and 3.08 wt%, respectively. Although the run product contained highly calcic plagioclase, it also included other crystalline phases such as olivine, Ca -rich clinopyroxene and spinel phases. A very high Ca/(Ca + Na) in plagioclase (An = 97) with the highest CaO/Na 2 O ratio in the melt was reported by Panjasawatwong et al. (1995) using a starting material with plagioclase added and 500 MPa U. Honma water under saturated conditions. Takagi et al. (2005) showed the primary field of plagioclase for an island -arc tholeiite is limited to less than ~ 3 wt% water at 100 MPa to 500 MPa, and the primary phase for water -rich conditions changes from olivine at 100 MPa and 200 MPa to Ca -rich clinopyroxene at 500 MPa. They also argued that the appearance of Ca -rich clinopyroxene before plagioclase would affect the Ca/(Ca + Na) ratio of the crystallizing plagioclase, whereas the appearance of olivine before plagioclase may not affect the Ca/(Ca + Na) ratio of plagioclase. They found that pressure ranges of 200 MPa to 300 MPa are optimal in terms of the crystallization of the anorthite -componentrich plagioclase. The experimental results in this work (Fig. 6) show that at 100 MPa, plagioclase forms earlier than the Ca -rich clinopyroxene in both type -1 and type -2 basalts; however, at 200 MPa, Ca -rich clinopyroxene crystallizes before plagioclase in both type -1 and type -2 basalts at a whole water content of more than 3 wt%. The experimental results show that a pressure range around 100 MPa is optimal for the crystallization of anorthite -component -rich plagioclase and suggests that alkali basalt and transitional tholeiites crystallize calcic plagioclase more effectively than the low -alkali tholeiites at shallower depths.
Parameters affecting the Ca-Na partition coefficient between plagioclase and melt
Several parameters have been proposed as affecting the Ca -Na partitioning between plagioclase and the melt, including temperature, pressure, and melt composition, including water content. Variations of the Ca -Na exchange partition coefficient are plotted against water content in the melt in Figure 7 . The partition coefficient increases almost linearly as the water content in the melt increases at each pressure.
Five hundred mega pascal pressure runs by Panjasawatwong et al. (1995) and 200 -MPa runs by Sisson and Grove (1993a) showed that the saturation of water in the experiments exerts a much stronger influence on the plagioclase composition than increasing the amount of water in water -undersaturated conditions; plagioclase crystallized from a water -saturated melt becomes more anorthitic than that from a water -undersaturated melt, even if the water content of the melt is equal. The same phenomenon is observed in the present experiments. Sack et al. (1987) examined Ca -Na partitioning in alkali basalts at 1 atm, and showed the increase of the partition coefficient with a decrease of temperature. A similar temperature dependence was found in the 100 MPa and 200 MPa experiments of the present study (Fig. 8) . The effect of temperature on the Ca -Na partitioning between plagioclase and the melt have been used as a geothermometer by Kudo and Weill (1970) on the basis of the large temperature effect of the partitioning in the simple albite -anorthite system of Bowen (1913) . The experimental data used by Kudo and Weill (1970) is for either dry or water -saturated systems, and the apparent temperature dependence of the Ca -Na partitioning may include the effect of water.
In our experimental results, the Ca -Na partition coefficient between plagioclase and the melt weakly correlated with an increase of Al 2 O 3 /SiO 2 ratio in the melt (the correlation coefficient is 0.62, Fig. 9 ). This positive correlation is reported for high alumina basalts and alkali basalts (Sack et al., 1987) .
In the present experiments, the Ca -Na partition coefficient between plagioclase and the melt varies from 1 to 4 in both the alkali basalts and the high alumina basalts.
Other previous experiments also showed the partition coefficient ranging from 1 to 4, except for Sisson and Grove (1993a) , who reported a wide range from 2 to 7. Their experiments were performed under the condition of water saturation, at 200 MPa and the CaO/Na 2 O ratios in the melt were between 1.0 and 4.6. In this study, the experi- ment at 100 MPa and water -saturated condition did not show such high partition coefficients.
NBO/T ratio of the melt and the Ca-Na partition coefficient
The NBO/T ratio, the ratio of the number of non -bridging oxygens to the number of tetrahedral sites in the melt, may represent the degree of polymerization of the melt. Here, the method of Mysen (1987) where the oxides are in molar fractions and Fe 2 O 3 tetrahedral site is calculated using the method of Mysen (1987) . An example of the effect of NBO/T on the exchange partition coefficient of rock -forming minerals is that of Mg and Fe 2+ between olivine and mafic melts. Kushiro and Mysen (2002) showed that the partition coefficient Kd = [(Fe 2+ /Mg) ol /(Fe 2+ /Mg) melt ] increases from 0.25 to 0.34 with an increase in the depolymerization of the coexisting melt (NBO/T of melt from 0.25 to 1.2), and then decreases with further depolymerization of the coexisting melt (NBO/T from 1.2 to 2.8). The exchange partition coefficient may depend on the relative proportions of four -, five -, and six -coordinated Mg 2+ and Fe 2+ in the melt, which is a function of NBO/T and degree of polymerization. Alkalis may lower the exchange partitioning as discussed in several investigations (e.g., Gee and Sack, 1988; Carmichael and Ghiorso, 1990; Sugawara, 1998 Kushiro and Mysen (2002) treated samples of high silica and alumina content and found a positive correlation between total alkali content and NBO/T.
In this study, the Ca -Na partition coefficient between plagioclase and the melt for the melting experiments of both type -1 and type -2 basalt increased with an increase in temperature and water content, and with a decrease in pressure. These qualitative features may be explained in terms of the NBO/T of the melt with additional thermodynamic considerations (Fig. 10 ). An increase in temperature may decrease the degree of polymerization of the melt, because of the decreased viscosity of melt. The partition coefficients in the 1 -atm experiments show a slight increase with an increase of temperature, as shown in Figure 8 . Although there is no spectroscopic evidence for the preference of the anorthite component in tectosilicate species in more depolymerized melts, the correlation of the partition coefficient with temperature suggests that the activity ratio of anorthite to albite increased with a decrease of polymerization at higher temperatures.
The addition of water to silicate melts may strongly depolymerize the melt structure through the reaction: Si 2 O 7 + H 2 O = 2SiO(OH). This is well represented by a drastic decrease in viscosity through the introduction of small amounts of water. The Ca -Na partition coefficient between plagioclase and the melt is strongly influenced by the presence of water as shown in Figure 7 . An increase in the water content of the melt from 1 to ~ 3 wt% increases the partition coefficient from ~ 2 to 4.2, and increases the NBO/T ratio from 0.32 to 0.47 at 100 MPa in the present experiments. Results from other experiments also show an increase of the partition coefficient with increasing water content in the melt. This feature may be explained by the preference for the anorthite component in tectosilicate species in more depolymerized melts, like in the case of the effect of temperature on the partition coefficient.
The plagioclase crystallization process in the alkali basalt from the Oginosen volcano
Here, the textural and compositional features of plagioclase phenocrysts and microphenocrysts in the starting samples are interpreted on the basis of the experimental results. Dusty plagioclase is rare in the type -1 samples. These features imply that the effect of magma mixing is small and that phase assemblage and composition may be directly relevant to the present experimental results. The anorthite content of the cores of plagioclase phenocrysts in type -1 basalt is mainly in the range 63 to 66 and with a maximum content of 69. Hydrous experimental results (Fig. 6) for type -1 basalt show that under water -saturated conditions plagioclase is more calcic than in the average core -composition of phenocryst plagioclase (An 64 ). Most of plagioclase phenocryst cores from type -1 magma have likely crystallized at 100 MPa from melts with water contents lower than 3 wt% at temperatures between 1085 °C and 1065 °C, 2 wt% from 1100 °C to 1065 °C, or 1 wt% from 1070 °C to 1120 °C in magma, since type -1 magma contains plagioclase and olivine in a silicate phase (Fig.  6) . If the ascending type -1 magma has reached super -saturation for water at 200 MPa, the magma should have crystallized not only plagioclase and olivine, but also Carich clinopyroxene. Therefore, the ascending magma reached a water -saturated condition at ~ 100 MPa and plagioclase crystallized simultaneously or immediately after water saturation of magma.
On the other hand, the core of plagioclase phenocrysts in the type -2 basalt show broad An contents (An 62−80 ), which may indicate a wide range of physicochemical conditions for the crystallization, as these compositional ranges almost correspond to the observed plagioclase compositions in the present experiments carried out at various temperatures and water contents at 0.1, 100 MPa and 200 MPa. An 82 of plagioclase in type -2 basalt was reproduced in the experiments at a temperature of 1085 °C with 4 wt% water content at 100 MPa (supersaturated condition in water). Plagioclase phenocryst cores of type -2 basalt may have appeared at 1100 °C to 1085 °C for 3 wt% water content, 1130 °C to 1090 °C for 2 wt% water content or 1150 °C to 1100 °C for 1 wt% water content in magma at 100 MPa, under the restriction that phenocrysts of Ca -rich clinopyroxene did not at all crystallize in type -2 magma. At 100 MPs, the liquidus temperatures of plagioclase in type -2 transitional tholeiitic magma is ~ 20 °C higher than that of plagioclase in type -1 alkali basalt magma. ) are the same as in Figure 7 .
